We have analyzed the evolution of mass of a stationary black hole in the standard FRW cosmological model. The evolution is determined specifically about the time of transition from the earlier matter to the later exotic dark energy dominated universe. It turns out that the accretion rate of matter on the black hole of mass M was approximately 10 54 M −1 higher than the accretion rate of exotic dark energy at the time of transition.
Introduction
The formation and evolution of supermassive black holes (SMBH) with masses in the range 10 6 − 10 9 M ⊙ , which mostly reside in the centers of galaxies is still an open problem [1, 2, 3, 4, 5] . It is generally accepted that these black holes had been formed by the accretion of both baryonic and dark matter onto the initial black hole seeds [6, 7] . One hypothesis is that these seed black holes were primordial black holes (of mass ∼ 1000M ⊙ ) formed from the death of the supermassive stars in the early universe [8] . The growth of these smaller black hole seeds would have been slow in the radiation dominated era while it would be significantly large in the matter dominated phase. In this later stage, the black hole seeds may had grown by several orders of magnitude in mass through the acquisition of large dark matter halos. Another model proposed by Hu et al [9] divides the evolution history of black holes into two phases. The first phase starts with the quasispherical or Bondi accretion of mainly dark and baryonic matter onto the seed black hole at redshift z ∼ 30 while the second phase deals with the accretion of pure baryonic matter which starts at z ∼ 6 which goes on till now. Another scenario proposes the gravitational core collapse of relativistic star clusters which may have produced in the star-bursts at early times [10] . It is also suggested that SMBH could have formed in the nuclei of protogalaxies by the direct collapse of gas clouds in the pre-galactic halos, without invoking the primordial black hole seeds [11] .
The standard model of cosmology based on the Friedmann-Robertson-Walker (FRW) spacetime predicts a dynamic history and the future of the observable universe. The known universe evolves from the initial matter to the later exotic 'dark energy' dominated universe. Current astrophysical observations suggest that the universe is undergoing accelerated expansion [12, 13, 14] supporting the evidence of exotic vacuum energy commonly called dark energy having negative pressure p < 0 and positive energy density ρ > 0 persisting on the cosmological scale. The dark energy has been explained as cosmological constant [15] , quintessence [16] , holographic dark energy [17] , tachyon [18] , quintom model [19, 20] , interacting dark energy model [21, 22] and modified gravity [23] to name a few. More exotic form of vacuum energy is the phantom energy [24] which possesses some weird properties: its accretion on the black hole can reduce its mass and appearance of naked singularities [25, 26, 27] ; super-luminal and sometime negative sound speed [28] ; decay of phantom field into matter [29] ; increasing energy density with cosmic time and emergence of a future space-like singularity dubbed 'big rip' [30, 31] ; existence of wormholes [32] and associated negative temperature with it [33] . Thus if the universe is pervaded with the phantom energy, the universe will have finite lifetime t * (see [34, 35] for opposite viewpoint). Phantom energy can also be visualized as a scalar field φ with a non-canonical negative kinetic energy termφ 2 < 0 in the corresponding Lagrangian
, where V (φ) is the potential term [36] .
Thus from the above discussion it is safely drawn that the growth of black holes took place mostly in the matter dominated phase while in the phantom dominated phase, the black holes ultimately lose mass. We are particularly interested in the evolution of stationary and spherically symmetric black holes at the time of transition from the matter to the dark energy dominated universe. Although it can be anticipated that the effects of this transition will not be much significant and obvious at the astrophysical scales, this study at least gives us an estimate of the magnitude of the effects.
The outline of this work is as follows: In the next section we model the accretion of matter and exotic vacuum energy onto a stationary black hole. In the final section, we conclude our paper with a brief discussion.
We start by assuming the background to be spatially flat, homogeneous and isotropic FRW spacetime
Here a(t) is the dimensionless scale factor. The corresponding stress energy tensor is
where m and x refer to matter and the exotic vacuum energy respectively. The dynamical equations for two component fluid i.e. matter and the exotic vacuum energy are
where we have used p x = ωρ x for the phantom energy. The scale factor a(t) evolves as [37] a(t) = a(t n )
where
is the time for the transition from the earlier matter to the later dark energy dominated universe and z n is the corresponding redshift of the transition. The Hubble's constant H o determines the rate of expansion of the universe while Ω mo denotes the dimensionless density parameter of matter component. The transition time t n is related with the current age of the universe t o as
Notice that in the big rip scenario, the scale factor a(t) diverges when the quantity in the square brackets in Eq.(3) vanishes identically i.e.
Subtracting t n from Eq. (6), we get
A black hole accreting only the exotic energy has the following rate of change in mass [25] 
It is clear that when ρ x + p x < 0 which in turn implies ω < −1, the mass of black hole will decrease. Also note that this same condition refers to violation of the so-called the null energy condition (ρ + p > 0). Since this condition is the weakest of all the energy conditions (weak, strong and dominant), it implies that the remaining conditions will also be violated. Moreover, the origin of this exotic phantom energy is still not clear but it is motivated from the astrophysical data which gives a convincing evidence of an evolving ω drifting towards more negative values [24, 38, 39] . The evolution of energy density of the exotic dark energy is given by
We are particularly interested in the evolution of black hole about and after t = t n to analyze the affects of dark energy on the black hole. Using Eqs. (9) and (11) in (10), we get
Therefore the mass change rate for a black hole accreting pure exotic energy is determined from Eq. (12) . Note that the standard cosmological model based on the FriedmanRobertson-Walker spacetime is a hierarchal one: the universe starts from a radiation dominated phase ω = 1/3 and henceforth evolves successively to matter (ω = 0), quintessence (ω > −1), cosmological constant (ω = −1) to a recent phantom energy dominated phase (ω < −1) [38] . Thus in the FRW model, one cosmic specie dominates over all the others in a given phase i.e. the contribution from the all the other species is negligible. Also when the universe 'enters' in a new phase (i.e. shift of parameter ω to a new value), the previous value of ω no longer holds. Therefore when the universe enters the phantom regime, any previous values of ω is not relevant. Hence we cannot use ω = 0 for matter in the phantom dominated regime. Observations also show that these shifts in ω are rather abrupt in the cosmic history. For instance, the matter-radiation decoupling occurred at a redshift z ∼ 1100 almost all of a sudden and thermal equilibrium disappeared which yielded a matter dominated phase at later times. Similarly in recent times, the transition from an earlier deceleration phase (ω > −1) to an acceleration phase (ω < −1), the socalled phantom crossing [40, 41, 42] , is also quite sudden in the perspective of cosmological time scales.
In order to study the evolution of a black hole in an epoch different from the matter dominated one, we cannot use ω = 0 in Eq. (11) or (12) since these refer to only phantom energy. Now we consider the matter accretion onto the black hole. It is obtained by equating the Eddington and the accretion luminosities of a black hole to get
where m p ∼ 1.67 × 10 −27 kg is the mass of the proton and σ T ∼ 6.6 × 10 −28 m 2 is the Thomson cross-section. It should be mentioned that the Eddington accretion mechanism for matter is based on several assumptions which can explain accretion process to a good approximation. It requires inherently that the central accreting object is completely spherically symmetric; radiation output (luminosity) is isotropic; time independence (stationarity); negligible gas pressure etc [43, 44] . However the spherical Eddington accretion model describes the accretion for central black holes growth quite well. The Schwarzschild radius R of a stationary black hole is given by
Using Eq. (14) in (13), we obtain
Thus the evolution of black hole is determined by the contributions from Eqs. (12) and (15) i.e.
In the cosmological constant dominated universe ω = −1, the second term in Eq. (17) will vanish while for a phantom energy dominated universe ω < −1, the total accretion rate will be reduced. It can be seen that for a given value of ω < 0 (say ω = −1.5) and a black hole of mass M, Eq. (17) 
For a black hole of mass 10 31 kg, the dimensionless parameter η was approximately 10 24 while for supermassive black holes of mass 10 37 kg, it was roughly 10 17 . Thus the contribution of dark energy was almost negligible compared to the accretion of matter during the time of transition showing that black holes remained largely unaffected at this epoch.
The evolution of mass of black hole after the transition period t n to the big rip t * , we can use Eqs. (8) and (9) to get
Again 1 + ω < 0 leads to decreasing mass of BH where t n < t < t * . We are not interested in the case t = t * , since it gives divergence in the rate of change in mass of BH and no physical conclusion can be drawn henceforth. The consequent evolution of BH is governed by the sum of equations (15) and (19) as
In this paper we have investigated the evolution of a black hole in the FRW universe. The mass of any black hole increases by the accretion of matter while it will decrease by the corresponding accretion of phantom energy. We have here studied the combined effects of this accretion at the moment of transition from the earlier matter dominated regime to the phantom regime. The rate of change in mass due to matter accretion is evaluated using the Eddington accretion model because matter density decreases faster. It turns out that the effects of the accretion of matter was large while the phantom accretion was negligibly small. Hence the effects of transition were negligible at the instant of transition.
